Kisspeptins, acting via GPR54, are new players in the control of reproductive axis. They have the ability to communicate with GnRH neurons sending environmental, metabolic, and gonadal signals, with the induction of GnRH and LH secretion as final effect. At present, the physiological significance of kisspeptin signaling in the gonad is poorly investigated. We cloned GPR54 receptor from the anuran amphibian Rana esculenta testis and investigated its expression in several tissues (brain, spinal cord, ovary, muscle, and kidney). In particular, the expression analysis was carried out in pituitary and testis during the annual sexual cycle. Pituitary and testicular GPR54 mRNA increased at the end of the winter stasis (February) and reached high levels during the breeding season (April). The analysis of GPR54 expression in testis was reinforced by in situ hybridization that revealed GPR54 presence in the interstitial compartment and in proliferating germ cells. Testicular GPR54 expression in February and in June was indicated to be estradiol dependent. Furthermore, in February, kisspeptin-10 (Kp-10) induced the testicular expression of both GPR54 and estrogen receptor alpha (ERalpha) in a dose-dependent manner. Conversely, in March, Kp-10 had a biphasic effect on the expression of ERalpha, being inhibitory at short (1 h) and stimulatory at longer (4 h) incubation time. In conclusion, our results demonstrate that frog testis expresses GPR54 in an estradiol-dependent manner and that Kp-10 modulates the testicular expression of ERalpha; thus, the kisspeptin/GPR54 system might be locally involved in the regulation of estrogen-dependent testicular functions such as germ cell proliferation and steroidogenesis.
INTRODUCTION
The framework supporting the gonadotropic axis is composed of three major elements: hypothalamic gonadotropin-releasing hormone (GnRH), pituitary gonadotropins (luteinizing hormone [LH] and follicle-stimulating hormone [FSH] ), and gonadal sex steroids [1] . A plethora of central and peripheral signals modulates the gonadotropic axis [2] , hence the identification of kisspeptins as novel multifunctional peptides able to stimulate GnRH/LH/FSH secretion, through the activation of GPR54, a classical G protein coupled receptor, formerly known as AXOR12 or OT7T175 [3, 4] .
Kisspeptins, the products of Kiss-1 gene, are neuropeptides belonging to the family of RF-amide peptides [5] ; they are encoded as a 145-amino-acid product, , that is proteolitically cleaved into shorter peptides (Kp-54, -10, -13 and -14). Kp-54 and its cleavage products share a common RFamide C-terminal decapeptide and exhibit the same affinity and efficacy for GPR54 [6] .
Several lines of evidence indicate that hypothalamic GnRH neurons are obliged mediators for the gonadotropin-releasing effects of kisspeptins [7] [8] [9] . Therefore, kisspeptin neurons integrate and propagate to GnRH neurons environmental [10] , metabolic [11] , and gonadal signals [12, 13] , working as pivotal afferents in the circuitry governing GnRH [3, 14, 15] . A major role for the kisspeptin/GPR54 system is the regulation of the gonadotropic axis at puberty and during adulthood via tight modulation of GnRH secretion [16] . Absence of kisspeptin signaling in rodents and humans results in hypogonadotropic hypogonadism and lack of sexual maturation [17, 18] . Also, in fish, kisspeptin involvement in the onset of puberty has been postulated [19] [20] [21] . In zebrafish, for example, Kiss-1 and GPR54 are highly expressed in the brain when ovary and testis contain mature oocytes and the initial stages of spermatogenesis, respectively, and decrease after puberty [19] . Despite hypothalamic GnRH neurons being the primary site of action of kisspeptins, several studies have suggested a direct role of kisspeptins also at the pituitary level [22, 23] .
Recent advances in bioinformatics and comparative genomics have allowed the identification of multiple isoforms of both Kiss and GPR54 in nonmammalian vertebrates [24] [25] [26] [27] , contrary to mammals, in which only one Kiss-1 gene and one GPR54 gene have been found. In this respect, it is well known that fish have two genes for kisspeptins (Kiss-1 and Kiss-2) and GPR54 (GPR54-1 and GPR54-2), whereas in amphibians a second round of gene duplication may have contributed to the generation of subtypes for both ligands and receptors (Kiss-1a, -1b, -2; GPR54-1a, -1b, -2). As in mammals, they are highly expressed in the brain, and a conserved neuroendocrine/ neuromodulatory role in the control of puberty and reproduction has been suggested [24, 26, 27] .
Detectable expression of GPR54/Kiss-1 gene has been demonstrated in human and rodent gonads [6, 28] as well as in human spermatozoa [29] . At present, the physiological significance of kisspeptin signaling outside the hypothalamus, especially at the gonad level, remains unclear. The generation and the characterization of mice with target deletion of the GPR54 gene led to the hypothesis of its involvement in postnatal development of male and female reproductive organs [30] . Thus, in order to gain a more comprehensive understanding about gonadal activity of kisspeptin system, we chose as an experimental model an anuran amphibian, the frog Rana esculenta. Under the control of endocrine, environmental, and gonadal factors, the spermatogenesis of this seasonal breeder shows peculiar features [31] . In fact, during the year, spermatogenesis slowly proceeds with the active proliferation of spermatogonia and sperm release in the breeding season (March-April), the prevalence of postmeiotic cells in the postreproductive period (May-July), spermiogenesis events in the resumption period (September-November), and a quiescent stage in winter months (December-February) [32] . In addition, frog testis is characterized by cysts, typical formations consisting of Sertoli cells enveloping a cluster of germ cells at a synchronous stage [32] . This feature allows the easy identification and study of well-known populations of germ cells in each period of the year [31] .
Thus, in this work we report the cloning of GPR54 from R. esculenta testis, its testicular expression, and localization during the annual sexual cycle. Furthermore, in order to approach the physiological role exerted by kisspeptins on testicular activity, the effects of estradiol on GPR54 expression and the effects of Kp-10 on ERa expression have also been investigated.
MATERIALS AND METHODS

Animal and Tissue Collection
Rana esculenta male frogs were collected monthly from September until July (except August and October) in the neighborhood of Naples (Italy). To minimize the stress, animals (n ¼ 8/mo) were immediately killed after capture following anesthesia with ethyl 3-aminobenzoate methanesulfonate salt, MS222 (Sigma-Aldrich). Whole brain, pituitary, spinal cord, testis, kidney, and muscle were removed and stored at À808C until used for total RNA extraction. Eight female frogs collected during the year were also used to obtain a pool of ovary tissue. Eight testes from frogs collected in November, February, and July were fixed in Bouin fluid and processed for in situ hybridization.
Experiments were performed under the guidelines established in the National Institute of Health's Guide for Care and Use of Laboratory Animals and approved by the Italian Ministry of Education, University, and Research.
Total RNA Extraction and cDNA Preparation
The extraction of total RNA from pooled frog tissues (n ¼ 8/mo) was performed using Trizol reagent (Life Technologies) following the manufacturer's instructions. DNaseI (10 U/sample; Amersham Pharmacia Biotech) treatment at 378C for 30 min ensured the elimination of any genomic DNA contaminations. RNA purity and integrity were determined by spectrophotometer analyses at 260/280 nm and by electrophoresis.
The reverse transcription of a total RNA pool was then carried out using 5 lg total RNA, 0.5 lg oligo dT (18) , 0.5 mM dNTP mix, 5 mM DTT, 13 firststrand buffer (Life Technologies), 40 U RNase Out (Life Technologies), and 200 U SuperScript-III RnaseH À Reverse Transcriptase (Life Technologies) in a final volume of 20 ll, following the manufacturer's instructions. As negative control, total RNA not treated with reverse transcriptase was used.
Cloning of R. esculenta GPR54
The isolation of complete GPR54 sequence from R. esculenta testis was performed using a combination of RT-PCR and 5 0 /3 0 race. Degenerate forward primer P1 (5 0 -gctsggagacttcatgtgcaa-3 0 ) and reverse primer P2 (5 0 -agayggtgaagagcaggacga-3 0 ) designed on Rana catesbeiana GPR54 cDNA (GenBank accession no. EU681171) [25] were used to obtain an amplificate of the predicted size of 503 base pairs (bp). PCR was carried out on 1 ll of diluted (1:5) cDNA at the following conditions: 948C, 5 min, 1 cycle; 948C, 45 sec, 588C, 45 sec, 728C, 45 sec, 35 cycles; and 728C, 7 min.
To extend the 3 0 end of R. esculenta GPR54, we used the 3 0 race approach, preparing cDNA with 0.5 lg/ll AP primer (5 0 -ggccacgcgtcgactagtac [t] 17 -3 0 ) instead of oligo dT (18) .
The first PCR reaction was carried out using 1 ll of pure cDNA, prepared with AP primer, in combination with 10 pMol AP primer and upper primer P1 (PCR conditions: 948C, 5 min, 1 cycle; 948C, 1 min, 588C, 1 min, 728C, 2 min, 20 cycles; and 728C, 7 min). The nested PCR was carried out using 5 ll of the first amplification product and 10 pMol 3 0 race primer (5 0 -ggccacgcgtcgactagtac-3 0 ) and upper primer P3 (5 0 -tggagccaatggacaataattacc-3 0 ) designed on the R. esculenta GPR54 sequence. PCR conditions were 948C, 5 min, 1 cycle; 948C, 1 min, 568C, 1 min, 728C, 2 min, 20 cycles; and 728C, 7 min; the amplificate predicted size was 750 bp. To extend the 5 0 end of GPR54, we carried out a first PCR reaction using 1 ll of pure cDNA in combination with 10 pMol upper primer P4 (5 0 -aatctccgaccttcctggag-3 0 ) designed on the 5 0 end of R. catesbeiana GPR54 cDNA and primer P2 (PCR conditions: 948C, 5 min, 1 cycle; 948C, 45 sec, 588C, 45 sec, 728C, 1 min, 20 cycles; and 728C, 7 min). The nested PCR was carried out using 3 ll of the first amplification product and 10 pMol primer P4 and primer P5 (5 0 -ggatataatgtggcgtaacatcg-3 0 ) designed on the R. esculenta GPR54 sequence. PCR conditions were 948C, 5 min, 1 cycle; 948C, 45 sec, 588C, 45 sec, 728C, 1 min, 20 cycles; and 728C, 7 min; the amplificate predicted size was 675 bp. All PCR analyses were carried out in a BIO-RAD DNA-Engine Peltier Thermo Cycler in PCR mix (13 PCR buffer, 0.2 mM dNTP, 2.5 U/ll high-fidelity Ex Taq TaKaRa; Cambrex Bio Science).
All amplification products were subcloned in pGEM-T Easy Vector (Promega). DH5a high-efficiency competent cells were transformed, and recombinant colonies were identified by blue/white color screening. Plasmid DNA was extracted using the QIAprep Spin Miniprep kit (Qiagen), Valencia, CA) and the insert size was controlled by restriction analysis with EcoRI (Fermentas). DNA was then sequenced on both strands by Primm Sequence Service (Primm).
Nested amplification products, independently obtained from separate amplification reactions, were sequenced in both forward and reverse strands, and the sequence of GPR54 mRNA was deduced by comparing overlapping fragments. On the basis of the nucleotide sequence, the R. esculenta GPR54 protein sequence was deduced. Both coding and protein sequences of R. esculenta GPR54 were aligned to sequences available in the NCBI GenBank by LAlign and ClustalW multiple alignment tools (Biology Workbench [http:// workbench.sdsc.edu/]); a phylogenetic tree was constructed using the Philip Drawgram method and exported from ClustalW. Finally, putative transmembrane domains, N-linked glycosylation, and phosphorylation sites were predicted using TMAP, TMHMM, NetNGlyc 1.0, and NetPhos 2.0 software, respectively, available at ExPASy Proteomics Server (http://au.expasy.org).
Quantitative Real-Time RT-PCR
In brief, cDNA was diluted 1:5 in water and subjected to quantitative realtime PCR (qPCR) using primers P6 (5 0 -cctctgctactccctgatgc-3 0 ) designed on the R. esculenta sequence and primer P2 (T [8C] annealing 608C; amplificate size 150 bp). A negative control in which cDNA was replaced by water was also included. Amplificate sequencing was conducted on both strands by Primm Sequence Service (Primm). Relative GPR54 expression, corrected for PCR efficiency (E ¼ 89.61%, R 2 ¼ 0.994, slope ¼ À3.599), was normalized toward the reference gene fp1, whose boundary as reference gene was previously reported [33, 34] (forward primer: 5 0 -tacgagcgtccatcacacac-3 0 , reverse primer:
annealing 568C; amplificate size 356 bp) and quantified using the comparative Cq method with the formula 2
ÀDDCq . Assay included a melting curve analysis for which all samples displayed single peaks for each primer pair. Data were then reported as mean fold change 6 SD over the minimal value arbitrarily assigned to a reference sample (September samples for muscle, pituitary, and testis distribution analysis and Krebs-Ringer buffer [KRB]-incubated control group for treatments). ANOVA followed by the Duncan test for multigroup comparison was carried out to assess the significance of differences.
GPR54 Riboprobe Synthesis and In Situ Hybridization
GPR54 riboprobe was synthesized by in vitro transcription of the previously described 503-bp-long GPR54 cDNA fragment (nt 577-1080) cloned into pGEM-T Easy Vector (Promega). The sense (control) and antisense complementary RNA (cRNA) probes were transcribed with SP6 and T7 RNA polymerases on plasmids linearized with NcoI and SalI restriction enzymes, respectively, using digoxigenin-uridine triphosphate RNA labeling Mix (Roche Diagnostics) as recommended by the manufacturer.
For histological observations, frog testes were fixed in Bouin fluid, dehydrated in ethanol, cleared in xylene, and embedded in paraffin. Tissue sections (5 lm) were stained with hematoxylin-eosin to assess sample quality. In situ hybridization was performed as previously described [35] . Specifically, sections were subjected to the treatment with 10 lg/ml proteinase K (Sigma Aldrich) in 20 mM Tris-HCl; then hybridization was performed overnight at 608C in a humidified chamber using 100 ll hybridization buffer (40% deionized formamide, 53 SSC, 13 Denhardt solution, 100 lg/ml sonicated salmon testes, 100 lg/ml tRNA, and 100 ng digoxigenin-labeled cRNA probe). Finally, sections were incubated for 30 min at 378C in RNase buffer (0.5 M NaCl, 10 mM Tris-HCl, pH 7, 5 mM EDTA) containing 20 lg/ml RNase A. Slides were observed under a light microscope (Leica 165 CTR500; Leica CHIANESE ET AL.
Microsystem) and images captured using a high-resolution digital camera (Leica DC300F).
In Vitro Treatment of Frog Testes with 17b-Estradiol
Male frogs (n ¼ 15) collected in June and in February were used for treatment with 17b-estradiol (E 2 ). Six untreated testes, immediately frozen in liquid nitrogen, were stored at À808C and used as fresh control (C0). The remaining testes were incubated for 1 h in KRB alone (control group, C), in KRB/E 2 10 À6 M (E 2 group), and in KRB/ICI 182780 10 À5 M (ICI group; Zeneca Pharmaceuticals; n ¼ 6/treatment). Finally, testes preliminarily incubated in KRB/ICI 182780 10 À5 M (n ¼ 6) were incubated in KRB/E 2 10 À6 M and ICI 182780 10 À5 M (E 2 þICI group). E 2 and ICI 182780 doses and incubation times were chosen on the basis of previous studies [36] . After the treatments, testes were stored at À808C and then processed for RNA extraction and qPCR as reported above to assess GPR54 expression.
In Vitro Incubations of Frog Testis with Kp-10
Experiment 1. A dose-response experiment was carried out in vitro on testes from 44 animals collected in February. The range of Kp-10 doses (from 10 À9 M to 10 À6 M) and the incubation times (1 and 4 h) were chosen on the basis of dose-response experiments previously carried out in amphibians [25] and mammals [37] .
Testes were quickly removed and then rinsed in KRB. Eight untreated testes were immediately frozen in liquid nitrogen and stored at À808C (fresh control, C0). The remaining testes were treated for 1 and 4 h as follows: control group (C), testes incubated in KRB (n ¼ 8/time point); KRB/Kp-10 (Metastin 45-54; DBA Italia), treatment group (n ¼ 8/time point/each dose).
Experiment 2. In the wake of dose-response data, in the following month of March we antagonized Kp-10 (10 À7 M) with kisspeptin234, a kisspeptin antagonist [38] , for 1 h and 4 h. Such a treatment was carried out on testes collected from 28 animals. In particular, untreated testes (n ¼ 8), immediately frozen in liquid nitrogen, were stored at À808C and used as fresh control (C0). The remaining testes (n ¼ 8/treatment/time point) were incubated for 1 h and 4 h in KRB alone (control group, C) or in KRB/Kp-10 10 À7 M (Kp-10 group). Finally, testes preliminarily incubated in KRB/kisspeptin234 10 À6 M were incubated in KRB/Kp 10 À7 M and kisspeptin234 10 À6 M (Kp-10þA group). After the treatments, testes were stored at À808C until processed for RNA extraction and qPCR.
Expression Analysis of GPR54 and ERa in Kp-10-Treated Testes
Quantitative GPR54 expression was carried out on Kp-10-treated testes by qPCR as reported above. The isolation of a cDNA fragment 118 bp long of ERa from R. esculenta testis was preliminarily obtained by standard RT-PCR using primers designed on Rana rugosa ERa cDNA (forward primer: 5 0 -gcatgaagttgagccctgtattg-3 0 ; reverse primer: 5 0 -gcctcgctgagtggtttagttg-3 0 ; T [8C] annealing 638C; GenBank accession no. AB491673). The amplificate was cloned in pGEM-T Easy Vector and sequenced on both strands. Sequence analysis revealed nucleotide and amino acid identity of 99% and 100%, respectively, to R. rugosa. Thereafter, the same primer couple was used for qPCR analysis to assess the expression of ERa in testes treated with Kp-10. Relative ERa expression, corrected for PCR efficiency (E ¼ 105.5%, R 2 ¼ 0.985, slope ¼À3.135), was normalized toward the reference gene fp1 [33, 34] . Data were then reported as mean fold change 6 SD over the minimal value arbitrarily assigned to KRB incubated control group.
RESULTS
Cloning and Characterization of R. esculenta GPR54
Through the combination of RT-PCR and 5 0 /3 0 race techniques, we cloned GPR54 cDNA as a fragment 1718 bp long from R. esculenta testis. The characterized cDNA comprises a 229-bp-long 5 0 -untraslated region (UTR), a complete coding region of 1140 bp encoding a protein of 379 amino acids, and a complete 349-bp-long 3 0 -UTR containing a canonical site of polyadenylation (nt 1678-1683). Seven transmembrane domains (Tm1-7) were predicted from the deduced amino acid sequence (49- Fig. 1A ). Four Nglycosylation sites were predicted at N 20 (NGTY), N 26 (NGSR), N 31 (NESL), and N 36 (NRTE), respectively. Highconfidence putative PKC phosphorylation sites were predicted at S 157 , T 162 , S 335 , and S 339 ; a high-confidence putative CKII phosphorylation site was predicted at S 373 (Fig. 1A) . Frog GPR54 nucleotide and amino acid sequences were then compared to mammals (mouse, rat, and humans), amphibians (Xenopus tropicalis and R. catesbeiana) and teleost fish (Danio rerio and Carassius auratus). Alignments, conducted by ClustalW multiple alignment tools, revealed nucleotide and amino acid identities ranging from 50% to 94% and from 44% to 97%, respectively, among vertebrates, as summarized in Table 1 . A rooted phylogenetic tree was constructed and exported from ClustalW using the Phylip Drawgram method (Fig. 1B) .
Tissue Distribution of R. esculenta GPR54
The expression of GPR54 was preliminarily assayed by standard RT-PCR in frog pituitary, brain, spinal cord, testis, ovary, muscle, and kidney. A band of the predicted size (503 bp) was observed in all tissues except in kidney. In all tissues, a band of the predicted size (356 bp) was observed for fp1, a housekeeping gene (Fig. 2A) . Therefore, qPCR was carried out. Detectable levels of GPR54 mRNA were observed in pituitary compared to any expression in kidney (Fig. 2B) . Throughout the annual sexual cycle, GPR54 was constantly expressed in muscle (Fig. 2C) , used as tissue control for GPR54 expression.
GPR54 Seasonal Fluctuation in Frog Pituitary
GPR54 expression fluctuated in frog pituitary (Fig. 2D) . GPR54 mRNA increased in February, at the end of the winter stasis (3-fold increase), and reached the highest expression level in April (28-fold increase, P , 0.01).
GPR54 Seasonal Fluctuation and Localization in Frog Testis
From September to July, we observed testicular fluctuation of GPR54 expression (Fig. 2E) . Comparable levels of expression were detected from September to January. GPR54 expression quickly increased in February (February vs. September-January, P , 0.01) and peaked in March-April (March-April vs. February, P , 0.01); after that, it decreased in May (March-April vs. May, P , 0.01), remaining still low during the postreproductive period.
GPR54 mRNA was then localized in frog testis by in situ hybridization in three different months representative of the annual reproductive cycle: November, February, and July (Fig.  3) . In each period, standard staining with hematoxylin-eosin was carried out in order to assess the progression of spermatogenesis. In November, when testis was populated mainly by postmeiotic germ cells differentiating into spermatozoa (SPZ) (Fig. 3A1) , GPR54 mRNA was strongly localized in cysts of secondary spermatogonia (IISPG; Fig. 3A2 ), in the interstitial compartment (Fig. 3, A3 and A4) and also in marked efferent ducts (Fig. 3A4) . Quiescent primary SPG (ISPG) and Sertoli cells did not reveal any positivity (Fig. 3A4) , whereas GPR54 mRNA outlined each seminiferous tubule (Fig. 3, A2 and A3), marking myoid peritubular cells. At the end of the winter stasis, in February, testis was rather empty with ISPG that resumed proliferation and SPZ that had to be released (Fig.  3B1) . In this month, GPR54 mRNA was still detected in IISPG cysts (Fig. 3B3) , in myoid peritubular cells (Fig. 3B4) , in the interstitial compartment (Fig. 3, B2-B4) , and in the epithelial cells surrounding efferent ducts (Fig. 3B2) ; in addition, GPR54 CHIANESE ET AL. GPR54 EXPRESSION IN RANA ESCULENTA TESTIS was localized in ISPG (Fig. 3B4) , in Sertoli cells surrounding IISPG cysts (Fig. 3B3, inset ), but not in those surrounding ISPG (Fig. 3B4 ). In July, meiotic events were predominant so that primary and secondary spermatocytes (I and IISPC) were observed (Fig. 3C1) . GPR54 mRNA was still detected in myoid peritubular cells and in the interstitial compartment (Fig.  3, C2-C4) ; by contrast, the signal in the germinal compartment was very scanty and limited to ISPG, IISPG, and ISPC, without any presence in postmeiotic cells (Fig. 3, C2 and C3 ). In addition, muscle cells surrounding vasa placed in the interstitial compartment were also stained (Fig. 3, C2 and C3 ). The specificity of signals for the analyzed months was tested through the reaction with a sense riboprobe (Fig. 3, A5 , B5, and C5).
E 2 -Dependent GPR54 Expression in Frog Testis
In both February and June, E 2 significantly increased GRP54 expression in frog testis over the control group (P , 0.01). A higher increase was observed in February than in June (P , 0.01). Pretreatment of testis with ICI 182780, an estrogen antagonist, counteracted the estradiol-dependent up-regulation of GPR54 (Fig. 4) . FIG. 3 . Sections of R. esculenta testis collected in November (A1-A5), February (B1-B5), and July (C1-C5) analyzed by hematoxylin-eosin staining (A1, B1, and C1) as well as by in situ hybridization (A2-A5, B2-B5, and C2-C5) for GPR54. In November, GPR54 mRNA marked the cysts of IISPG (A2), the interstitial compartment (A3-A4), the efferent ducts (A4), and the contour of seminiferous tubule (A2 and A3). In February, GPR54 mRNA was detected in IISPG cysts (B3) as well as in Sertoli cells surrounding IISPG cysts (B3, inset), in ISPG (B4) in myoid peritubular cells (B4), in the interstitial compartment (B2-B4), and in the epithelial cells surrounding efferent ducts (B2). In July, high GPR54 expression was observed in myoid peritubular cells and in the interstitial compartment (C2-C4); muscle cells surrounding vasa also expressed GPR54 (C2-C3). The specificity of signals was tested through the reaction with a sense riboprobe (A5, B5, and C5). i, interstitial compartment; black arrow, ISPG; black arrowhead, IISPG; asterisk, ISPC; black rhomb, IISPC; white arrowhead, SPZ; white arrow, efferent ducts; s, Sertoli cells; m, myoid peritubular cells; v, vasa. Bars ¼ 20 lm.
CHIANESE ET AL.
In Vitro Incubations of Frog Testis with Kp-10: Effects on GPR54 and ERa
A pilot Kp-10 dose-response experiment was carried out on frog testes of February, just at the end of the winter stasis. After 1 h of treatment, the highest dose of Kp-10 (10 À6 M) increased GPR54 expression in comparison with the untreated and the KRB incubated control group (P , 0.01); doses ranging from 10 À9 to 10 À7 M had no effect on GPR54 expression (Fig. 5A ). After 4 h of treatment, GPR54 expression increased in a dosedependent manner (P , 0.01), starting from 10 À8 M (Fig. 5B) . Furthermore, a dose-dependent stimulatory effect on the transcription of ERa (P , 0.01) was observed after 1 and 4 h of Kp-10 treatment (Fig. 5, C and D) .
Based on the evidence of the Kp-10 dose-response experiment, in March, with the upsurge of a new spermatogenetic wave, we used only the dose of 10 À7 M as an intermediate physiological dose to be antagonized with the kisspeptin234 (10 À6 M), a kisspeptin antagonist. As in February, also in March GPR54 expression did not change after 1 h of treatment with Kp-10 compared to the KRB incubated control group, whereas it significantly increased after 4 h of treatment (P , 0.01; Fig. 6, A and B) .
In March, ERa expression significantly decreased after 1 h of treatment (P , 0.01; Fig. 6C) ; instead, an increase of ERa expression was observed after 4 h of treatment Kp-10 (P , 0.01; Fig. 6D ). All the effects were counteracted by kisspeptin234.
DISCUSSION
Kisspeptins, via GPR54 activation, play an important emerging role in the modulation of reproductive axis. Besides mammals, evidence of the kisspeptin/GPR54 system has been provided in nonmammalian vertebrates and also in sea urchin [9, [24] [25] [26] . While in mammals the kisspeptin system comprises one receptor and one ligand, in fish and in amphibians, multiple forms of both ligands and receptor have been characterized [24] [25] [26] [27] , indicating a clear partitioning of functions. In fact, in zebrafish, two independent kisspeptin systems have been discovered: the Kiss-2 system is involved primarily in the control of reproductive functions through the interaction with GnRH neurons, whereas the Kiss-1 system is supposed to be involved in the perception of environmental and metabolic cues [39] . In amphibians, this story is far from completely understood; at present, in X. tropicalis, due to double duplication events of Kiss/GPR54 genes, three ligands (Kiss-1a, -1b, and -2) and three receptors (GPR54-1a, -1b, and -2) have been cloned [24, 25] . Sequence identity and genome synteny analyses indicate that Xenopus GPR54-1a is a human GPR54 orthologue, whereas Xenopus GPR54-1b is a fish GPR54-1 orthologue. Conversely, the GPR54-2 gene belongs to a lineage independent of the GPR54-1 gene lineage [24] . This situation has not yet been confirmed in R. catesbeiana since only one GPR54 has been cloned until now [25] .
Here we report the molecular cloning of a GPR54 receptor from the testis of R. esculenta, with high amino acid identity as compared with R. catesbeiana GPR54 (97%). This receptor is close to the GPR54-2 subtype and exhibits 51%-52% and 74% identity with fish GPR54 isoform 1b (also known as GPR54-1) and isoform 1a (also known as GPR54-2), respectively [24] ; 61%-65% and 94%-97% identity with amphibian GPR54 isoform 1 and 2, respectively; and 44%-46% identity with mammal GPR54. Conserved N-glycosylation residues within the first 36 amino acid residues and conserved PKC and CKII putative phosphorylation sites were predicted in R. esculenta GPR54. The receptor shares several typical features of the class I rhodopsin-like GPCR family [40] , such as a conserved Asp (D) residue in Tm2 and one NPxxY motif in Tm7. As in R. catesbeiana, the DRY motif located downstream Tm3 is changed in DRC; this motif is important for G protein coupling and receptor activation. The highest protein identity is at Tms; substantial sequence differences-also among amphibian species-have been registered especially in the extracellular N-terminal region and in the C-terminal tail.
Among vertebrates, GPR54 and Kiss-1 are widely expressed not only in the brain but also in other tissues, including pancreas, adipocytes, testis, ovary, placenta, pituitary, muscle, and smooth muscle of vessels [9, 41] . Consistently, in R. catesbeiana, GPR54 was expressed primarily in forebrain, hypothalamus, and pituitary and weakly expressed in testis [25] . A similar expression pattern has been reported here. In contrast to this, in X. tropicalis, GPR54-1a/1b and not GPR54-2 are expressed in testis, whereas GPR54-2 is highly expressed inside the pituitary, and no GPR54s are expressed in oocytes [24] . To date, such an expression analysis was carried out by standard PCR, fixing at 30 the number of cycles [24] , thus probably losing low-copy-number mRNA.
In ovine and rat, Kiss-1 and GPR54 are expressed in pituitary gonadotropes in accordance with observations in murine gonadotrope cell lines lbT2 [22, 42, 43] . However, in rat, the expression of pituitary GPR54 is low since only a subset of LHb cells are stained with GPR54 antibody [42] . In nonhuman primates and in goldfish, Kp-10 can also stimulate LH and GH release in primary pituitary cell culture [37, 44] , while in ovine, low levels of kisspeptins have been found in the hypophyseal portal blood [43] . Although the site of kisspeptin production in the hypothalamus-pituitary circuitry might be matter of debate, the presence of GPR54 in R. esculenta pituitary confirms that kisspeptins target the pituitary gland and might act as a endocrine/autocrine/paracrine signal in the modulation of hormonal secretion. In fact, a high expression level of GPR54 has been observed during the reproductive period (April), and this correlates well with both LH profiles [45, 46] and the upsurge of testicular activity [32] . In accordance, low expression levels were observed in September, when pituitary gonadotropins (both LH and FSH) are at a low level [45, 46] . . Different letters indicate statistically significant differences for each monthexperiment vs. the corresponding KRB incubated control group (P , 0.01); ** indicates statistically significant differences comparing the experiments each other. Data are reported as mean fold change 6 SD over the value one arbitrarily assigned to the C1 and are representative of three separate experiments at least (n ¼ 6).
GPR54 EXPRESSION IN RANA ESCULENTA TESTIS During the annual sexual cycle, testicular expression of GPR54 is higher at the end of the winter stasis and during the breeding season. In these periods, in an estradiol-dependent fashion, the recruitment of spermatogonia and the onset of a new spermatogenetic wave take place [32, 46, 47] . Consistently, in February, in situ hybridization revealed GPR54 mRNA only in ISPG and IISPG. To our knowledge, GPR54 localization inside the testis has never been reported in any species so far. In zebrafish, high expression levels of both Kiss-1 and GPR54 in the brain correlate with the first stages of spermatogenesis, when testis is populated mainly by type A spermatogonia, and decrease after puberty [19, 48] . A correlation between the increase of GPR54 expression in the brain and the onset of puberty has also been suggested in Nile tilapia and recently in bass [20, 21] . Absence of kisspeptin signaling in rodents and humans results in hypogonadotropic hypogonadism and lack of sexual maturation [17, 18] . Conversely, Kp-10 administration to immature rats stimulates sexual maturation and induces precocious puberty [49] , whereas long term Kp-10 administration negatively regulates gonadal maturation in rat prepubertal testis [50] . Despite these effects, which might be the consequence of kisspeptin activity on hypothalamic GnRH-secreting neurones, GPR54 might directly be involved in cell proliferation and differentiation events occurring at testicular level. The detection of kisspeptin protein in mouse testis [51] and the present results strongly support this hypothesis.
At present, the kisspeptin system has been characterized in ejaculated human spermatozoa: both ligand and receptor have been localized in the sperm head, around the neck. and in the flagellum midpiece; in addition, Kp-13 has been shown to modulate sperm motility without any effect on the acrosome reaction [29] . Contrary to humans, in frog, postmeiotic cells and spermatozoa do not express GPR54. Interestingly, at the end of the winter stasis, in February, GPR54 is also localized in myoid peritubular cells, indicating a possible involvement in sperm transport and release, events occurring during the breeding season [52, 53] .
In order to give insight in the possible role that kisspeptins exerted at the testicular level, we have investigated whether a relationship exists between estrogens and kisspeptin/GPR54. Estrogens are likely involved in various aspects of testicular activity. High-affinity estrogen receptors, ERa and/or ERb, together with a membrane rapid effect [54] , mediate the D) . C0, fresh control, white bar; C, control testis incubated with KRB, black bar; numbers 9-6, Kp-10 concentrations (Àlog M), gray bar. Different letters indicate statistically significant differences (P , 0.01). Data are reported as mean fold change 6 SD over the value one arbitrarily assigned to the C and are representative of three separate experiments at least (n ¼ 6).
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intracrine, autocrine, and/or paracrine communications affecting spermatogenesis and steroidogenesis [55, 56] . In frog testis, estrogens have been proven to regulate steroidogenesis and ISPG proliferation [47, [57] [58] [59] [60] . Interestingly, present data show that GPR54 expression is estradiol dependent; thus, GPR54 might represent a fundamental intermediate in estradiol-dependent testicular signaling. Estradiol-dependent expression of GPR54 has also been reported in the hypothalamus of several species as well as in hypothalamic GnRHsecreting GT1-7 cell lines [9, [61] [62] [63] . Furthermore, our results indicate that the testis responds to Kp-10, modulating the expression of both GPR54 and ERa. In particular, in February, a Kp-10 dose-dependent expression of ERa is observed at all the tested doses either at 1 h or at 4 h of incubation. In contrast, Kp-10-dependent expression of GPR54 is observed at the highest doses after 1 h of incubation and in a dose-dependent manner after 4 h of incubation. During the breeding season (March), while GPR54 expression is stimulated by Kp-10, modulation of ERa has a biphasic trend, being inhibitory at short (1 h) incubation times and stimulatory at larger (4 h) incubation times. The different effect of 1 h of Kp-10 treatment on ERa observed in February and March is not surprising and reflects the differential estrogenic binding activity previously reported in frog testis [60] . Therefore, via kisspeptins/GPR54 activation, estrogens might regulate steroidogenic activity and SPG proliferation. This suggestion is supported by the localization of GPR54 mRNA, which correlates well with sites of estrogen effects occurring in frog testis [1] . Therefore, the expression of GPR54 inside the interstitium and in proliferating spermatogonia, as well as its estradiol-dependent expression, strongly supports the hypothesis that kisspeptin signaling might have a direct involvement in the onset of the spermatogenetic wave.
In R. esculenta, estradiol also cooperates with testicular GnRH in order to induce the proliferation of spermatogonia [47, 64, 65] . Thus, the localization in efferent ducts and myoid peritubular cells might also suggest a role of GPR54 in sperm transport, indicated to be GnRH and estrogen dependent [52, 53, 65, 66] . In addition, since two GnRH molecular forms and three GnRH receptors have recently been cloned [33] and characterized in frog testis [34] , as in the hypothalamus [8, 9, 16, 61] , a direct involvement of kisspeptin signaling in GnRH modulation should be investigated in the future also at the testicular level. In conclusion, our results suggest a new D) . C0, fresh control; C, control testis incubated with KRB; Kp-10, testis incubated with kisspeptin (10 À7 M); Kp-10þA, testis incubated with Kp-10 (10 À7 M) in combination with kisspeptin234 (10 À6 M). Different letters indicate statistically significant differences (P , 0.01). Data are reported as mean fold change 6 SD over the value one arbitrarily assigned to the C and are representative of three separate experiments at least (n ¼ 6).
GPR54 EXPRESSION IN
RANA ESCULENTA TESTIS scenario for local control of testicular activity interactions between kisspeptin and estradiol.
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